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A b s tra c t : The SI unit of mass, the kilogram  is the only one amdtog the seven base units that now refers to a m aterial artifact Present state o f our 
knowledge of the icproducih ility  and stability ol the SI unit of m ass and problem s associated with this definition have been sum m arized Perspectives 
for a new defin ition  o f  the unit of m ass based on fundam ental physical constants or m acroscopic quantum  effects and problem s associated with these 
possible defin itions have been described  It has finally been concluded that the possible new defin itions are not capable o f being  realized with 
accuracy g rea ter than the one that it replaces and any successful replacem ent of the present unit of mass would require som e rearrangem ent in the 
base units o f  the SI
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1. Introduction
A c c o r d i n g  t o  i n t e r n a t i o n a l  s y s t e m  ( S I )  o f  u n i t  o f  
m e a s u r e m e n t s ,  k i l o g r a m  is t he  b a s e  u n i t  o f  m a s s .  T h e  
k i l o g r a m  is t he  o n l y  S I  b a s e  u n i t  s li l !  d e f i n e d  in t e r m s  o f  a 
m a l e n u l  a r t i l a c l  o l  p l a t i n u m  i r i d i u m  a l l o y ,  d e f i n e d  as 
f o l l o w s
“ T h e  k i l o g r a m  is t h e  u n i t  o l  m a s s  : it is e q u a l  t o  t h e  
m a s s  o f  t he  i n t e r n a t i o n a l  p r o t o t y p e  o l  t he  k i l o g r a m * ' .
T h e  i n t c i n a t i o n a l  p i o t o t y p e  o f  k i l o g r a m  is a r i g h t  
c i r c u l a r  c y l i n d e r  w h o s e  h e i g h t .  3 9  m m ,  is e q u a l  t o  its 
d i a m e t e r .  It is m a d e  o f  a s i n g l e  p h a s e  a l l o y  o f  p l a t i n u m -  
i n d i u m  w i t h  1 0 %  i n d i u m  h y  w e i g h t .  T h e  a l l o y  w a s  m a d e  
in L o n d o n  i n  1 8 7 9  b y  G e o r g e  M a t h c y  in  c l o s e  
c o l l a b o r a t i o n  w i t h  S a i n t e - C l a i r e  D c v i l l c  a n d  his  a s s is t a n t  
J u l e s  D e b r a y .
A c c o r d i n g l y ,  n a t i o n a l  p r o t o t y p e s  a re  u s e d  t o  m a i n t a i n  
d i e  u n i t  o f  m a s s  in  t h e  m e m b e r  s t a t e s  o f  t h e  M e t e r  
C o n v e n t i o n .  H o w e v e r ,  t h e  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  
p r e s e n t  m a t e r i a l  a r t i f a c t  k i l o g r a m  | 1 1  m a y  b e  s u m m a r i s e d  as 
f o l l o w s  :
0 ) c a n  be d a m a g e d  o r  e v e n  d e s t r o y e d ,
( i i )  n o t  w e l l - d e f i n e d — a c c u m u l a t e  f o r e i g n  m a t e r i a l  a n d  
is d i f f i c u l t  t o  d e a n  r c p r o d u c i b l y .
( n i )  a g e s  in a n  u n k n o w n  m a n n e r — a b o u t  5 0  p g  in the  
last 1 0 0  y e a r s  (5  x  I 0 ~H),
( i v )  c a n n o t  be u s e d  r o u t i n e l y  t o r  fe a r  o f  w e a r ,
( v )  a v a i l a b l e  o n l y  in  o n e  l a b o r a t o r y .
2. Stability of the SI unit of mass
T h e  i n t e r n a t i o n a l  p r o l o t y p e  k i l o g r a m  a n d  o t h e r  p l a t i n u m -  
i r i d i u m  s t a n d a r d  c a n  b e  c o m p a r e d  u n d e r  t h e  b e s t  
e x p e r i m e n t a l  c o n d i t i o n s  w i t h  a n  u n c e r t a i n t y  o f  1 f i g  
( I x  I 0 * 9) o r  e v e n  less.
Il h a s  b e e n  r e c e n t l y  r e a l i z e d  | 2 ) t h a t  p l a t i n u m - i r i d i u m  
p r o t o t y p e  k i l o g r a m  g a i n s  in  w e i g h t  a c c o r d i n g  t o  ih e  
f o l l o w i n g  r e l a t i o n  :
A m  =  1 p g / y e a r  ‘ t i m e * .
T h i s  is to  b e  u n d e r s t o o d  as f o l l o w s  :
W h e n  n a t i o n a l  p r o t o t y p e s  a r e  b r o u g h t  t o  B I P M  
( I n t e r n a t i o n a l  B u r e a u  o f  W e i g h t s  &  M e a s u r e s )  f o r  
c a l i b r a t i o n  a g a i n s t  t h e  w o r k i n g  s t a n d a r d s  o f  B I P M  t h e y  are 
w e i g h e d  i m m e d i a t e l y  a f t e r  a r r i v a l .  T h e n  t h e y  a r c  c l e a n e d  
i o l l o w i n g  t h e  w e l l - d e f i n e d  c l e a n i n g  p r o c e d u r e ,  f i r s t  in the 
a l c o h o l  a n d  t h e n  in  h o t  w a t e r  s t e a m .  T h e n  t h e s e  a r c  
w e i g h e d  a g a i n .  A m  is t h e  lo ss  in  m a s s  a f t e r  c l e a n i n g  a n d  
t i m e ’ is t h e  t i m e  e l a p s e d  s i n c e  t h e  n a t i o n a l  p r o t o t y p e
<g> 2 0 0 0  I A C S
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w a s  l a s t  c a l i b r a t e d  b y  B I P M .  B y  i m p l i c a t i o n ,  A m  is 
t h e  g a i n  i n  m a s s  o f  t h e  n a t i o n a l  p r o t o t y p e  d u r i n g  t h e  
‘ t i m e 1.
It is a s t o n i s h i n g  t h a t  t h i s  a p p a r e n t  g a i n  in m a s s  s e e m s  
t o  g o  o n  f o r  v e r y  l o n g  p e r i o d s  o f  t i m e ,  a t l c a s t  u p t o  5 0  
y e a r s .  S i n c e  a m o n o l a y e r  o f  a b s o r b e d  m o i s t u r e  o r  a i r  
c o r r e s p o n d s  o n l y  t o  ( 1  - 2 ) p g  i f  t h e  s u r f a c e  is n o t  g r e a t e r  
t h a n  t he  m a c r o s c o p i c  s u r f a c e ,  it is d i f f i c u l t  t o  i m a g i n e  h o w  
s o  m u c h  m a t e r i a l  c a n  b e  a d d e d  in  s u c h  a s l o w  p r o c e s s .  
H o w e v e r ,  w h a t e v e r  is a d d e d  to  th e  m a s s  m u s t  e n t e r  t h r o u g h  
t h e  s u r f a c e  a n d  it is t h e r e f o r e  o f  i n te r e s t  t o  s t u d y  p o s s i b l e  
m i c r o p o l e s  a n d  c i a c k s  o f  p l a t i n u m  s u r f a c e s .
T h e  t h i r d  p e r i o d i c  v e r i f i c a t i o n  o f  n a t i o n a l  p r o t o t y p e s  
c a r r i e d  o u t  b y  B I P M  d u r i n g  1 9 8 9 - 9 2  | 3 |  a r r i v e d  at t he  
f o l l o w i n g  c o n c l u s i o n s .
“ T h e  c h a n g e  in  m a s s  o f  p r o t o t y p e s  f a b r i c a t e d  in 1 8 8 6  
( n u m b e r s  1 t o  4 0 ) ,  p r o v i d e d  t h e y  a re  s t o r e d  a n d  c a r e f u l l y  
u s e d ,  is r o u g h l y  + 0 . 2 5  f i g / y c a r .  T h e  p r o t o t y p e s  f a b r i c a t e d  
b e t w e e n  th e  fi r s t  a n d  t he  s e c o n d  v e r i f i c a t i o n  ( n u m b e r s  4 4  to 
5 5 )  s h o w e d  a g r e a t e r  c h a n g e  in m a s s ,  a b o u t  0 . 9  j i g / y c a r .  
T h e s e  c h a n g e s  a r e  a  c o m b i n a t i o n  o f  c h a n g e  in m a s s  w i t h  
r e s p e c t  t o  th e  i n t e r n a t i o n a l  p r o t o t y p e  a n d  o f  w e a r  o c c a s i o n e d  
b y  u s e .  T h e  p o s s i b l e  c a u s e s  o f  t h e s e  c h a n g e s  are  g i v e n  
b e l o w .
T h e r e  is a n  in c r e a s e  d u e  t o  s u r f a c e  c o n t a m i n a t i o n  w h i c h  
is r e m o v e d  b y  c l e a n i n g ,  b u t  s o m e  c o n t a m i n a t i o n  l i k e  
m e r c u r y ,  a r e  n o t  e a s i l y  r e m o v e d .  T h e r e  m a y  b e  o u t g a s s i n g  
o r  d i f f u s i o n  to  t h e  i n s i d e  d e p e n d i n g  o n  t he  c o n c e n t r a t i o n  o f  
g a s  w i t h  r e s p e c t  t o  e q u i l i b r i u m .  C o n s i d e r i n g  t h e  
f u n d a m e n t a l  i m p o s s i b i l i t y  o f  d r a w i n g  d e f i n i t e  c o n c l u s i o n s  
f r o m  t h e s e  r e s u l t s  a b o u t  t h e  l o n g  t e r m  s t a b i l i t y  o f  t h e  
i n t e r n a t i o n a l  p r o t o t y p e  a n d  its c o p i e s ,  t h e  2 ( ) l h  C G P M  
( G e n e r a l  C o n f e r e n c e  o n  W e i g h t s  &  M e a s u r e s )  r e c o m m e n d e d  
t h a t  n a t i o n a l  l a b o r a t o r i e s ,  p u r s u e  t h e i r  w o r k  o n  r e l a t e d  
e x p e r i m e n t s ,  a n d  d e v e l o p  n e w  o n e s ,  w i t h  a v i e w  t o  
m o n i t o r i n g  t h e  s t a b i l i t y  o f  t h e  i n t e r n a t i o n a l  p r o t o t y p e  o f  
t h e  k i l o g r a m  a n d  in  d u e  c o u r s e ,  o p e n i n g  t he  w a y  t o  a n e w  
d e f i n i t i o n  o f  t h e  u n i t  o f  m a s s  b a s e d  u p o n  f u n d a m e n t a l  o r  
a t o m i c  c o n s t a n t s .
3. Q uantum  standards of mass
N a t u r e  h a s  p r o v i d e d  us v a r i o u s  q u a n t u m  e f f e c t s  i n v o l v i n g  
f u n d a m e n t a l  c o n s t a n t s  w h i c h  m a y  b e  a p p l i e d  f o r  t he  
p u r p o s e  o f  d e f i n i n g  o r  m a i n t a i n i n g  t he  S I  u n i t s .  T h e s e  h a v e  
t w o  a d v a n t a g e s  ■
( 1 )  t h e y  m a k e  u s e  o f  p h e n o m e n o n  w h i c h  a r e  
u n i v e r s a l l y  a v a i l a b l e ,
( 2 ) t h e y  o f t e n  i n v o l v e  a p a r a m e t r i c  r e l a t i o n s h i p  w i t h  
f r e q u e n c y .
T h e  a d v a n t a g e  o f  ( 1 )  is t h a t  b e c a u s e  t h e  p h e n o m e n a  arc 
u n i v e r s a l ,  o n e  c a n  i n  p r i n c i p l e ,  a v o i d  t h e  n e c e s s i t y  o f  
h a v i n g  t h e  t r a c e a b i l i t y  c h a i n  b e t w e e n  t h e  n a t i o n a l  
l a b o r a t o r y  a n d  t h e  u l t i m a t e  u s e r s .  T h e  a d v a n t a g e  o f  ( 2 )  is
that o n c e  o n e  k n o w s  th e  r e l a t i o n s h i p  b e t w e e n  f r e q u e n c y  and 
t h e  p a r a m e t e r  r e q u i r e d ,  o n e  m a y  t h e r e a f t e r  m a k e  the 
m e a s u r e m e n t  e n t i r e l y  in  t e r m s  o f  f r e q u e n c y  w h i c h  is the 
m o s t  a c c u r a t e l y  m e a s u r a b l e  q u a n t i t y .  C o m p u t a t i o n s  in 
a t o m i c  a n d  m o l e c u l a r  p h y s i c s  o f t e n  u s e  t h e  H a r t r e e  s y s t e m
[ 4 ]  in w h i c h  t h e  m a s s  o f  t h e  e l e c t r o n  is t h e  m a s s  u n i t ,  the 
B o h r  r a d i u s  h / ( m (Jccx)  is t h e  l e n g t h  u n i t  a n d  h / ( m ec 2a 2 ) 
is t h e  u n i t  o f  t i m e ,  w h e r e  c  is t he  v e l o c i t y  o f  l i g h t ,  a  is the 
f i n e  s t r u c tu r e  c o n s t a n t  h  =  h / 2 n , h b e i n g  P l a n k ’ s c o n s t a n t .  
T h e  u n i t s  u s e d  in t h e  g r a n d  u n i f i c a t i o n  t h e o r i e s  are  c a lle d  
t he  P l a n c k  u n i t s .  T h e s e  a re  th e  u n i t s  o f  m a s s ,  l e n g t h  a n d  
l i m e  g i v e n  b y ;
th e  P l a n c k  m a s s  m p =  ( / i c / ( 7 ) , / 2  =  2 . 1 7 6 7 1  x  l ( H  k g ,  
th e  P l a n c k  l e n g t h  /,, =  ( h G / c ' ) V 2 =  1 . 6 1 6 0 5 x  1 0  ^  m  
and th e  P l a n c k  t i m e  t p =  ( h G / c 5 ) , / 2  =  5 . 3 9 0 5 6  x  1 0  4 4  s ,  
w h e r e  G  is the  u n i v e r s a l  g r a v i t a t i o n a l  c o n s t a n t .
R e l a t i o n s ,  s i m i l a r  t o  t h a t  o f  t h e  P l a n c k ’ s m a s s ,  h a v e  
a ls o  b e e n  o b t a i n e d  f r o m  o t h e r  t h e o r i e s  in p h y s i c s  [ 5 |  as w c  
see in the f o l l o w i n g  :
F o r  a p a r t i c l e  o f  i n e r t i a l  m a s s  *7 / / ”  o b e y i n g  D i r a c  
e q u a t i o n  in q u a n t u m  g r a v i t y ,  r e l a t i o n s  s i m i l a r  t o  t h a t  f r o m  
P l a n c k ' s  m a s s  a r c  o b t a i n e d  f r o m  v a r i o u s  t h e o r i e s  in 
p h y s i c s ,  as g i v e n  b e l o w  *
W e y P s  P r i n c i p l e  —  G e n e r a l  t h e o r y  o f  r e l a t i v i t y  
G m 1 =  2 < 7 ? ,
S c h w i n g e r ' s  M e t h o d  —  Q u a n t u m  E l e c t r o d y n a m i c  
G m 2 -  1/4 (m i l ),
C o r i o l i s  h e l d  f o i c e  — P a r t i c l e  p h y s i c s  
G m 2 =  2 c h  ,
M a c h  P r i n c i p l e  — T w o  b o d y  p r o b l e m  
G m 2 =  2< h  ,
E i n s t e i n  C o s m o l o g i c a l  R e l a t i o n  
C t m 2 = ( < 7 * ) / 2 ,
l a n e  E l e m e n t  c o n s i d e r a t i o n  in Q u a n t u m
G r a v i t a t i o n  F i e l d  
G m 2 =  ( c h ) / 2
U n c e r t a i n l y  R e l a t i o n  in f o u r  d i m e n s i o n s
spa ce  t i m e  c o n s i d e r a t i o n  
C a n 2 >  ( c h  ) / 2 .
T h e  a b o v e  r e l a t i o n s  a i e  s a m e  e x c e p t  t h e  m u l t i p l i e r  
f a c t o r  o f  c h  o n  t h e  r . h . s .  S u b s t i t u t i n g  t h e  v a l u e s  o f  r ,  h 
a n d  G  as :
c  =  2 9 9 7 9 2 4 5 8  m / s ,  h =  6 . 6 2 6 0 7 5 5  x  1 0  J . s . ,
G  =  6 . 6 7 2 5 9  x  1 0 “ 1 1  m ' k g ' V 2
in  t h e  r e l a t i o n  G m 2 =  c h  t h e n  m  =  ( < 7 i / G ) 1 / 2  =  l ( ) ~ 5  g =  
1 0  K k g .
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T h e  f i n e  s t r u c t u r e  c o n s t a n t  a  is g i v e n  b y  : 
a  =  e 2/ h c  -  1 / 1 3 7 ,
w h e r e  e  is t h e  c h a r g e  o f  a n  e l e c t r o n ,  t h e n  in t e r m s  o i  f in e  
structu re  c o n s t a n t
G m 2 =  1 3 7 c -
or tn =  ( I 3 7 / C ) 1/2 ^ =  1 0  s g =  ! ( ) - «  k g  
T h i s  is m a c r o s c o p i c  q u a n t i t y .
T h e  t e r m  V G m  =  (c/ i ) ' / 2  is k n o w n  as g r a v i t a t i o n a l  
c h a r g e  a n d  is e q u a l  t o  ( V l 3 7  e ) .
T h u s ,  w e  c a n  a s s u m e  t h e  e x i s t e n c e  o l  a f u n d a m e n t a l  
p a r t i c l e  o f  i n e r t i a l  m a s s  1 0  s g  a n d  g r a v i t a t i o n a l  c h a r g e  
V 1 3 7  e .  T h i s  p a r t i c l e  h as  b e e n  g i v e n  t he  n a m e  as U N I T O N  
oi D Y O N  i n  p a r t i c l e  p h y s i c s  j
T o  e x p r e s s  m a s s  m  in t e r m s  o f  f u n d a m e n t a l  c o n s t a n t s ,  
G ,  r ,  h o r  a ,  e\ G ,  w e  r u n  i n t o  th e  f o l l o w i n g  d i f f i c u l t i e s  |
1 1  w e  e x p r e s s  /// =  ( c h / G ) 1^  =  r / ( r * G ) l / : ,
c  is k n o w n  w i t h i n  t he  a c c u r a c y  o f 0  0 0 4 p p m .
e 0 . 3 p p m .
h ............................................................................................... 0 . 6 p p m .
a  ” 0 . 0 4 5 p p m .
and G  ” 1 2 8 p p m .
r i i u s ,  t o  a c h i e v e  a n  a c c u r a c y  o f e v e n  1 p p m  in
m e a s u r e m e n t  o l  ///, w e  m u s t  h a v e  t o  k n o w  t he  v a l u e  o f  G  
w i t h i n  t h e  a c c u r a c y  o f  2 p p m .  T h e r e f o r e ,  it is d e s i r e d  to  
in c re a s e  th e  a c c u r a c y  o f  t h e  m e a s u r e m e n t  o l  G  b e t t e r  t h a n  2 
p p m .  M a n y  e x p e r i m e n t s  h a v e  b e e n  c o n d u c t e d  b y  v a r i o u s  
s c i e n t i s t s  f r o m  t i m e  t o  t i m e  t o  m e a s u r e  t h e  g r a v i t a t i o n a l  
c o n s t a n t  G  m o r e  a n d  m o r e  a c c u r a t e l y .  A c c o r d i n g  to  
L o n g  1 6 ] ,  t h e  e a r l i e r  d a t a  o n  t h e  m e a s u r e m e n t  o f  t h e  
g r a v i t a t i o n a l  c o n s t a n t  s u g g e s t  t h a t  t h e  v a l u e  o f  G  is n o t 
c o n s t a n t  at  l a b o r a t o r y  s c a le  b u t  it v a r i e s  w i t h  t h e  m a s s  
s e p a r a t i o n .  T h e  l a r g e r  t h e  s e p a r a t i o n ,  t he  l a r g e r  is the v a l u e  
o l G .  T h i s  is a n o t h e r  a r e a  w h e r e  n e w  e x p e r i m e n t s  h a v e  to  
be c a r r i e d  o u t  in s e a r c h  o f  th e  s o  c a l l e d  “ f i l t h  f o r c e " ,  a s h o r t -  
r a n g e  c o m p o s i t i o n - d e p e n d e n t  f o r c e  p o s t u l a t e d  t o  e x i s t  at 
a b o u t  t h e  l e v e l  o f  1 %  o f  N e w t o n ’ s g r a v i t a t i o n a l  f o r c e .
A  n e w  d e f i n i t i o n  o l  m a s s  as the  d c  B r o g l i e  f r e q u e n c y  o f  
an a t o m i c  p a r t i c l e  l e a d i n g  t o  t he  n e w  q u a n t i t y  m "  — m e '  / h  
h as  b e e n  p r o p o s e d  | 7 | .  B u t  t h e r e  are  p r a c t i c a l  d i l l i c u l t i e s  
b e c a u s e  o n e  k i l o g r a m  w o u l d  c o r r e s p o n d  t o  a n  e x t r e m e l y  
l a rg e  n u m b e r ,  a b o u t  1 . 3 6  x  I 0 sn p e r  s e c o n d .  A l t e r n a t i v e l y ,  
the k i l o g r a m  c o u l d  b e  d e f i n e d  o n  t he  b a sis  o l a n e u l i o n ,  b u t  
the r e a l i z a t i o n  o f  a m a s s  o f  o n e  k i l o g r a m  w o u l d  r e q u i r e  th e  
e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  n e u t r o n  m a s s  o r  a n o t h e r  
a t o m i c  m a s s  in  t e r m s  o f  t h e  k i l o g r a m .
4. An optical definition of mass
A c c o r d i n g  t o  R o y  [ K ] ,  a n  o p t i c a l  d e f i n i t i o n  o f  m a s s  is 
r e a l i z a b l e  in t e r m s  o f  l e n g t h  a n d  t i m e  t h r o u g h  th e  a n g u l a r
m o m e n t u m  p r o p e r t i e s  o f  the  p h o t o n  m e a s u r e d  u s i n g  th e  
t o r s i o n  b a l a n c e .
T h e  p h o t o n  e n e r g y  h  — Jiv  in its a n g u l a r  m o m e n t u m  
f o r m  is g i v e n  b y  E  ~  h t o . T h e  u n i t  o f  I? ts N . m . s  ' w h i c h  
is tha t o f  a n g u l a r  m o m e n t u m
T h e  c o n s t a n t  2 n / h  g i v e s  the c i r c u l a r l y  p o l a r i s e d  p h o t o n  
I l u x  r e q u i r e d  to  p i o d u c c  a t o r q u e  o f  1 N . m  I r o m  w h i c h  
m a s s  m a y  be d e r i v e d  in t e r m s  o l the  m e c h a n i c a l  m o m e n t  ol 
in e r tia  (/)
In  a b s e n c e  o l  a n y  a d d e d  m a s s ,  t he  p e r i o d  o l the  t o r s i o n  
p e n d u l u m  is g i v e n  b y
w h e r e  /7 is the l o r c c  c o n s t a n t .
II a m a s s  m  is a d d e d  to  the p e n d u l u m ,  the  t o r s i o n  p e r i o d  
is g i v e n  b y
<1 -  2 tt[( /, -* . (2 )
w h e i e  the m o m e n t  o l in e r t ia  is g i v e n  b y
/ :  • (3 )
F r o m  e q s .  ( 1 ) a n d  ( 2 ) ,  l\  c a n  be e l i m i n a t e d .  T h e  l o i c e  
c o n s t a n t  /./ c a n  be d e t e r m i n e d  I r o m  the  c h a n g e  in o s c i l l a t i o n  
a m p l i t u d e  c a u s e d  b y  the k n o w n  a p p l i e d  o p t i c a l  t o i q u c
T h e  a d d e d  m a s s  c a n  be t a k e n  as an a n n u l u s  o l  k n o w n  
d i m e n s i o n s ,  d e t e r m i n e d  m t e r l e r o m c l n c a l l y .  S i n c e  th e  
d i m e n s i o n s  o l the  a n n u l u s  are  a c c u r a t e l y  k n o w n ,  th e  m a s s  
o l  th e  a n n u l u s  c a n  be d e t e r m i n e d  f r o m  the o s c i l l a t i o n  t im e s
f i l e  f u n d a m e n t a l  l i m i t  t o  t h i s  m e a s u i  e m e n t  is t he  
a c c u r a c y  t o  w h i c h  t h e  P l a n c k ’ s c o n s t a n t  is k n o w n .  
C u r r e n t l y ,  t h i s  is o f  t h e  o i d e i  o l  l ( ) (\  g i v i n g  a l i m i t  o l 
1 m g  in I k g ,  f o r  t he  t o r s i o n  b a l a n c e  t e c h n i q u e .  B e c a u s e  the 
l e n g t h  is n o w  f i x e d  b y  t he  f r a c t i o n  o f  th e  d i s t a n c e  t r a v e l l e d  
b y  l i g h t  in o n e  s e c o n d ,  a s i m i l a r  a p p r o a c h  m a y  be u s e d  to 
d e f i n e  m a s s .
T h e  f l u x  o f  c i r c u l a r l y  p o l a r i z e d  p h o t o n s  r e q u i r e d  to  
p r o d u c e  a t o r q u e  o l I N . m  is 2 n / h ,  w i t h  a c u r r e n t  v a l u e  o l 
9 . 4 8 2 5 1 3 9 9  ( 5 7 )  x  H P *  p h o t o n s  p e r  s e c o n d  B y  f i x i n g  the 
v a l u e  o f  2 /r//z. m a s s  m a y  be d e f i n e d  m o r e  a c c u r a t e l y  in 
t e r m s  o l p h o t o n  a n g u l a r  m o m e n t u m .
M a s s  u n i t s  b a s e d  o n  f u n d a m e n t a l  p h y s i c a l  c o n s t a n t s  
m e n t i o n e d  a b o v e ,  are o l a t o m i c  s i z e  w h i l e  the a r t i f a c t  u n it s  
o l  the  S I  are o l  m a c r o s c o p i c  s i / e .  T h e  i n v o l v e m e n t  o f  th e  
f u n d a m e n t a l  p h y s i c a l  c o n s t a n t s  in o u r  m e a s u r e m e n t  s y s t e m  
is n o t  s o m e t h i n g  t h a t  w e  s h o u l d  t a k e  l o r  g r a n t e d  b e c a u s e  it 
a p p e a r s  to  v i o l a t e  a g e n e r a l  p r i n c i p l e  o f  m e t r o l o g y  w h i c h  
states tha t o n e  t e n d s  to lose a c c u i a c y  as o n e  g o e s  a w a y  f r o m  
a u n i t .
T h u s ,  w e  c a n n o t  m e a s u r e  a g r a m  o r  a m e l i i c  t o n  as 
a c c u r a t e l y  as a k i l o g r a m .
T h e  4 t h  C C M  ( C o n s u l t a t i v e  C o m m i t t e e  l o r  M a s s  a n d  
r e la t e d  q u a n t i t i e s )  m e e t i n g  in 1 9 9 1  [ 9 f d e c i d e d  t o  p r e p a r e  a
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r e p o r t  o n  a p o s s i b l e  n e w  d e f i n i t i o n  o f  t h e  k i l o g r a m .  
T h e  r e p o r t  ( C C M / 9 3 - 1 0 )  p r e p a r e d  b y  M  G l a s e r  1 1 0 1 
s u m m a r i z e d  e x p e r i m e n t s  t h a t  m i g h t  e s t a b l i s h  a l i n k  e i t h e r  
b e t w e e n  t h e  k i l o g r a m  a n d  e l e c t r i c a l  u n i t s  o r  b e t w e e n  t he  
k i l o g r a m  a n d  f u n d a m e n t a l  c o n s t a n t s  s u c h  as t he  A v o g a d r o  
c o n s t a n t .
5. Silicon A vogadro’s constant
I n  S I ,  t h e  r e l a t i o n  b e t w e e n  t h e  a t o m i c  a n d  m a c r o s c o p i c  
w o r l d  is m a n i f e s t e d  in t h e  d e f i n i t i o n  o l  t h e  A v o g a d r o  
c o n s t a n t  /VA , as t h e  n u m b e r  o i  p a r t i c l e s  in o n e  m o l e ,  i .c\  
t he  n u m b e r  o l  a t o m s  in  0 . 0 1 2  k g  o f  c a r b o n  1 2 .
A s  t h e  A v o g a d r o  c o n s t a n t  e s t a b l i s h e d  a n  a c c u r a t e  
r e l a t i o n  b e t w e e n  t h e  u n i t  o f  m a s s  at t h e  a t o m i c  s c a le  a n d  
t h e  p r e s e n t  S I  u n i t  o f  m a s s ,  w c  c a n  i m a g i n e  an e x a c t  
d e f i n i t i o n  o f  A v o g a d r o  c o n s t a n t  a n d  an a s s o c ia t e d  d e l m i t i o n  
o f  t h e  u n i t  o f  m a s s  b a s e d  o n  a w e l l - d e l  i n e d  n u m b e r  o f  S i  
i s o t o p e s  as f o l l o w s  :
O n e  k i l o g r a m  is t h e  m a s s  o l 1 / 0 . 0 2 X 9 7 6 4 9 6 9  o f  a m o l e  
o f  2 8  S i .
T h i s  " s p e c i a l  a t o m i c "  d e f i n i t i o n  w h i c h  w o u l d  
c o r r e s p o n d  t o  t h e  d e f i n i t i o n  o f  t he  s e c o n d ,  w o u l d  h a v e  
a n u m b e r  o f  a d v a n t a g e s  o v e r  t he  p i c s e n t  d e f i n i t i o n  as 
f o l l o w i n g  :
It c o u l d ,  m  p r i n c i p l e ,  be r e a l i z e d  e v e r y w h e r e .
I n  p r a c t i c e ,  a s i n g l e  c r y s t a l l i n e  S i  m a s s  s t a n d a r d  is 
l i k e l y  t o  be w i t h o u t  a n u m b e r  o f  t he  d e f i c i e n c i e s  
t h a t  a r e  p r e s e n t l y  a s s o c i a t e d  w i t h  P t - I r  m a s s  
sta nda rds .
B u t  t h e r e  a r e  t h r e e  p r o b l e m s  w i t h  t h i s  d e f i n i t i o n  o f  
M a s s  S t a n d a r d  :
( 1 )  D i f f e r e n t  s a m p l e s  o f  s i l i c o n  s e e m  to s h o w  d i f f e r e n t  
d e n s i t i e s  t o  a g r e a t e r  e x t e n t  tha t w o u l d  be e x p e c t e d  
b y  la tt ic e  s p a c i n g  m e a s u r e m e n t s .
( 2 )  It s t il l  s e e m  t o o  d i f f i c u l t  t o  f a b r i c a t e  an o b j e c t  o l  
s i l i c o n  w h o s e  v o l u m e  c a n  be d e t e r m i n e d  w i t h  a n  
a c c u r a c y  o f  I p a r t  in 1 0 s o r  h otter .
A n  a c c u r a c y  o l  I p a r t  in  1 0 s is the  least tha t m u s t  be 
d e m a n d e d  o f  a n y  a t o m i c  b a s e d  d e f i n i t i o n  o f  m a s s .
I n  r e c e n t  m e a s u r e m e n t s  o f  t he  d e n s i t y  o f  s i l i c o n ,  z e r o d u r  
s p h e r e s  w e r e  u s e d  as r e f e r e n c e  o b j e c t s  a n d  t h e i r  v o l u m e s  
w e r e  d e t e r m i n e d  b y  i n t e r l e r o m e t r y  1 1 11 . T h e  u n c e r t a i n t y  in 
v o l u m e  d e t e r m i n a t i o n  w a s  a b o u t  5 p a r t s  in 1 0 7 , m a d e  u p  o f  
a b o u t  e q u a l  p a r t s  o f  u n c e r t a i n t y  in  s h a p e  m e a s u i c m c n t  a n d  
d i a m e t e r  m e a s u r e m e n t s  ( i n t e r l e r o m e t r y ) .
U n c e r t a i n t y  in d e n s i t y  m e a s u r e m e n t  =  5  p a r t s  in 1 0 7 ,
U n c e r t a i n t y  in m o l a r  v o l u m e  = 2 4  p a r t s  in 1 0 6.
T h e  r e s u l t s  o b t a i n e d  f r o m  th e  t w o  d i f f e r e n t  c r y s t a l s  o l  
s i l i c o n  s h o w  t h a t  t h e  i n d i v i d u a l  d e n s i t i e s  a n d  a t o m i c  
w e i g h t s  w e r e  w i t h i n  a b o u t  1 . 2  p a r t s  in  I 0 6, w h i l e  t h e
m o l a r  v o l u m e s  w e r e  w i t h i n  1 . 4  p a r t s  i n  1 0 7  o f  e a c h  oth e r.
T h i s  c o n f i r m s  th e  h y p o t h e s i s  th a t
" t h e  c r y s t a l s  w e r e  i n d e e d  n e a r l y  p e r f e c t  b u t  they 
d i f l e r c d  in i s o t o p i c  c o m p o s i t i o n " .
( 3 )  T h e  c o r r e c t i o n  l o r  a i r  b u o y a n c y  w h i c h  at  p r e s e n t  is 
a l i m i t i n g  f a c t o r  f o t  t h e  a c c u r a c y  w i t h  w h i c h  
t r a c e a b l e  m a s s  m e a s u r e m e n t s  c a n  b e  d i s s e m i n a t e d  
I r o m  p r i m a r y  m a s s  s l a n d a r d s  o f  P i —I r  t o  w o r k i n g  
s t a n d a r d s  o f  stee l o r  b r a s s ,  w i l l  b e  t r i p l e  b e c a u s e  ol 
th e  l o w  d e n s i t y  o f  s i l i c o n .
T h e s e  f e w  r e s u lt s  are  e n o u g h  t o  s h o w  t h a t  " a t l c a s t  f o r  the 
t i m e  b e i n g ,  a n y  n e w  d e f i n i t i o n  o f  t h e  u n i t  o f  m a s s  ba sed 
u p o n  s i l i c o n  is f a r  f r o m  b e i n g  r e a l i z a b l e " .
6. C om parison  of e lec trica l and  m echanical 
energ ies
T h i s  m a y  be a n o t h e r  m e t h o d ,  a p p e a r s  t o  b e  m u c h  m o r e  
p r o m i s i n g  w h i c h  is b a s e d  u p o n  the  c o m p a r i s o n  o f  e le c tr ic a l 
a n d  m e c h a n i c a l  e n e rg ie s
U s i n g  the c la ss ic  c u i r e n i  b a l a n c e  d e v i s e d  b y  K i b b l e  a  a! 
at N P L ,  U K  1 1 2 | ,  il is f e a s i b l e  to  c a r r y  o u t  a n  e x p e r i m e n t  
u s i n g  a c u n e n t  b a l a n c e  m  w h i c h  a g r a v i t a t i o n a l  f o r c e  M g  is 
c o m p a r e d  w i t h  an e l e c t r o m a g n e t i c  f o r c e  / ( d e p / d y )  T h i s  
e l e c t r o m a g n e t i c  f o r c e  is p r o d u c e d  b y  m e a n s  o f  a n  e l e c t ! ic  
c u r r e n t  / w h o s e  v a l u e  is b a s e d  u p o n  t h e  J o s c p h s o n  e ffe c t
2 c/ h ) a n d  the q u a n t u m  H a l l  el  l e d  ( =  h/ e 2 ).
T h e  n e w  i d e a  o f  K i b b l e  c t  ed  w a s  t o  c a r r y  o u t  a 
s u b s i d i a r y  e x p e r i m e n t  in w h i c h  the c o i l  w a s  m o v e d  t h r o u g h  
the  m a g n e t i c  f i e l d  w h i l e  m e a s u r i n g  at t h e  s a m e  t i m e  the 
v o l t a g e  p r o d u c e d  a n d  t h e  v e l o c i t y .  T h u s ,  t h e r e  a re  t w o  
p o s s i b l e  c o n f i g u r a t i o n s  o f  ih c e x p e r i m e n t .
In t h e  fi r s t  c o n f i g u r a t i o n ,  M g  =  - ~ l { d ( p j d y )  a n d  in the 
s e c o n d  w c  h a v e
V  =  - ( d e p / d f )  =  - ( d e p / d v )  ( d \ / d t )  =  ~ ( d Q / d \ ) n ,  
w h e r e  u ~  d y / d t  is the v e l o c i t y  o f  t he  c o i l .
H e n c e ,  A / g - n  =  IV  =  V / R  o r  M  =  V 2/ (  A \ , g . « ) .
T h e  a c c e l e r a t i o n  d u e  to  g r a v i t y  (g c a n  be m e a s u r e d  w i t h i n  
a f e w  p a r t s  in I ( ) l> a n d  b o t h  V  a n d  R  c a n  n o w  be m e a s u r e d  
m  t e r m s  o f  J o s c p h s o n  e f f e c t  a n d  q u a n t u m  H a l l  e f f e c t  w i t h i n  
an a c c u r a c y  o l  I p a r t  in 1 0 t\
T w o  e x p e r i m e n t s  in t h is  a r e a  a re  in  p r o g r e s s .  O n e  at 
N P L ,  U K  a n d  t he  o t h c i  at N I S T  in U S A .  A t  N P L ,  U K  the 
n e w  set u p  o l  t h e  m o v i n g  c o i l  b a l a n c e  is e n c l o s e d  in  a 
v a c u u m  c h a m b e r  t o  a v o i d  th e  b u o y a n c y  c o r r e c t i o n .  A  m a s s  
e x c h a n g e  m e c h a n i s m  is i n s t a l l e d  s o  tha t t w o  m a s s  s t a n d a r d s  
o f  h a v i n g  d i f f e r e n t  s u r f a c e  a re a s  m a y  b e  c o m p a r e d .  T h e  
q u o t e d  r e p r o d u c i b i l i t y  c o r r e s p o n d s  t o  o n e  p a r t  i n  1 ( ) 7 . A  
le v e l  o f  less t h a n  o n e  p a r t  in  I D 8  is e x p e c t e d  i n  t h e  f u t u r e .
T h e  N I S T  v e r s i o n  o f  t h e  K i b b l e  [ 1 3 ]  e x p e r i m e n t  is 
b e i n g  c a r r i e d  o u t  u s i n g  s u p e r c o n d u c t i n g  c o i l s .  I n s t e a d  o f  an
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e q u a l - a r m  b a l a n c e ,  a p u l l e y  is u s e d .  T h i s  t a k e s  the l o r m  o f  a 
r o t a t i n g  w h e e l  o v e r  w h i c h  is p l a c e d  a w i r e .  F r o m  t h is  
h a n g s ,  o n  o n e  s i d e ,  t h e  m o v i n g  c o i l ,  p l a c e d  in the  f i e l d  o f  a 
s u p e r c o n d u c t i n g  m a g n e t ,  a n d  a p a n  f o r  t he  o n e  k g  m a s s .  
T h e  o t h e r  s i d e  c a r r i e s  a n  a u x i l i a r y  d r i v e  c o i l  a n d  a set o l  
c o n v e n t i o n a l  e l e c t r o m a g n e t s .  T h e  p r i n c i p l e  o f  m e a s u r e m e n t  
is i d e n t i c a l  w i t h  t h a t  u s e d  in  t h e  N P L  e x p e r i m e n t .  T h e  
s t a n d a r d  d e v i a t i o n  o b t a i n e d  f o r  a s i n g l e  m e a s u r e m e n t  is 
1 . 3  x  1 0  7  a n d  is 2  x  I 0 _K f o r  t h e  m e a n  o l  4 8  
m e a s u r e m e n t s .
At this level of accuracy, it should he possible to 
combine the absolute measurements ol watt with t!|e 
known stability of a Josephson effect in order to monitor 
the stability of the mechanical units. Any instability in tl|e 
mechanical units is most likely to be due to the lack 
stability of the prototype kilogram. The long term limits <$f 
this method (a few parts in 10^) arc likely to be those 
imposed by the inconsistency ol the acceleration due to 
gravity at the earth’s surface and the dillicultics of 
tiansfcrring weighings from vacuum to atmospheric 
pressure.
Once an accuracy of 10 s or beyond is achieved, it will 
be possible to monitor the stability of the prototype 
kilogram by comparing electrical units against their 
corresponding mechanical units. At that stage, it will be 
necessary to consider how the prototype kilogram might be 
icplaced. The answer will depend, critically, on how we 
wish to progress. For example, usually when a delinilion is 
icplaced we expect both short-term and long-term gams m 
the accuracy with which the unit in question is icali/cd.
It would not be much useful il the kilogram is icplaced 
by electrical quantities as base unit. Also the gam in 
aceutacy of the electrical units did not give a corresponding 
gam in accuracy ol the rcali/ation of the mechanical units.
7. Conclusion
The present definition of the SI unit of mass, the kilogram, 
is often said to he unsatisfactory because it is based upon 
material artifact. Nevertheless, it is a very practical 
definition. The danger of “the kilogram” being lost due to 
damage or loss of the international prototype and Us copies 
is not a very serious one. There are a suf ficient numbei ol 
national prototypes scattered around the wot Id for a new 
international prototype to be reconstituted in the event of 
this happening.
The real problems with the present definition arc that 
dicrc is a little prospect of its being improved m its present 
lorm and that we have only very weak evidence as to its 
long term stability.
lhere is no way of defining the kilogram based upon 
fundamental constants or macroscopic quantum effects that 
would at present allow us to reach with about two orders of 
magnitudes ol the shoiLleim reproducibility m m a s s  
measurement, ol a lew parts in 1()‘\  available with the 
existing definition. The long-term stability of the kilogram 
is not worse than 5 pails in l()<J pei year This is based 
upon the hypothesis that the international prototype and its 
ollieial c o p i e s  are not drilling in mass with respect to 
fundamental constants by moie than ten times the rate at 
winch they ate drilling apart horn one another (5 parts in 
l()ln) per ycai
The possibility of leplacing the kilogram by the 
quantum Hall effeet and the Josephson effect might be a 
solution of the problem However, to argue in favoui of 
this type of solution, too lai m advance, is to say that there 
are no Iuilher tclcvnni quantum phenomenon to he 
discovered. Moieover, one would be aiguing that mass 
metrology will not progiess eithei and that is something 
that few aie prepared to argue at this stage.
Any s u c c e s s  I ul measuiement of m a s s  in terms o f 
fundamental constants or macroscopic, quantum effects 
would tequire some learrangement in the base units ol the 
SI. Such a change should certainly he included as the SI is 
mqde for men and not man lor the SI
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